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Juan Garcia-Aragon, Ian G. Droppo, Bommanna Krishnappan, Brian Trapp
and Christina JaskotABSTRACTPolycyclic aromatic hydrocarbons (PAHs) originating from natural sources, and potentially from the
Athabasca Oil Sands development, are of concern for the Athabasca River and Lake Athabasca delta
ecosystems. In order to model the transport of ﬁne sediments (and associated PAHs), it is important
to describe the sediment dynamics within the river system. Flocs possess different settling
characteristics compared to individual particles. A key aspect in modelling ﬂoc settling behaviour is
the mathematical linkage of the ﬂoc density to ﬂoc size. In this paper, a rotating annular ﬂume is used
to determine the settling characteristics of Muskeg River (a tributary of the Athabasca River)
sediments under different shear conditions. Simulations of the settling and ﬂocculation behaviour of
these sediments were used to calibrate a density vs. ﬂoc size model. A relationship of the
parameters relating ﬂoc size and density with the fractal dimension F shows that as diameter
increases ﬂocs become weaker. Recommendations for the practical application of the model are
further formulated in this paper. The deposition tests offer a quantitative measure of the relative
amount of sediment that is likely to be transported through the river for given ﬂow conditions.doi: 10.2166/wqrjc.2011.030Juan Garcia-Aragon
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138,000 km2 and ﬂows nearly 1,400 km from its headwaters
in the Glacier National Park to the Peace–Athabasca Delta
and Lake Athabasca. The Athabasca River system includes
a total of 94 rivers, over 150 named creeks, numerous
unnamed creeks and 153 lakes (Kellerhals et al. ).
Large oil sands developments are located in the Athabasca
River basin and there are concerns about hydrocarbon
pollution in the lower reaches below Fort McMurray
(Headley et al. ) (Figure 1). Flowing north from Fort
McMurray, the Athabasca River is joined by several smaller
tributaries, including the Steepbank, Muskeg and Firebag
rivers ﬂowing from the east and the MacKay and Ells
rivers from the west. Industrial development has occurred
within many of these catchments that have the potential to
physically alter the landscapes affecting drainage patternsand groundwater–surface water interactions and through
industrial water extraction and discharge. The Muskeg
River basin is one such catchment that is undergoing rapid
change. According to Alberta Environment () in the
Muskeg River basin, there are two ongoing oil sands oper-
ators covering an area of 122.7 km2 (8% of basin area);
there are six additional projects approved covering
454.1 km2 (31% of the area) and two more planned covering
138 km2 (9.3% of the basin area). In the not too distant
future, almost half of the basin area will be disturbed by
oil sands development.
The mobilisation, transport and fate of polycyclic aro-
matic hydrocarbons (PAHs) is primarily controlled by the
sediment dynamics within the river basin as these hydro-
phobic compounds favour adsorption to high surface area
to volume cohesive sediment particles. As it is well known
Figure 1 | Location of sample site on the Muskeg River at the conﬂuence of the Atha-
basca River.
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larger particles (ﬂocs) and that these are generally the domi-
nant form of sediment transported in suspension (Droppo
; Jarvis et al. ), the structure of the ﬂoc will play a
large role in the dynamics of the sediment within the
system. Flocs are composed of an active biological com-
ponent (primarily bacteria, although at times other
organisms can be incorporated), a nonviable biological com-
ponent (e.g. detritus, extracellular polymeric substances
(EPS)), inorganic particles (e.g. clay particles) and water
held within or ﬂowing through pores (Droppo ;
Williams et al. ). The effect of ﬂocculation is to increase
the downward ﬂux of sediment within the system. The rela-
tive magnitude of this ﬂux is controlled primarily by ﬂoc
size, porosity and density. Of these three factors, the domi-
nant one will often be size; however density, which is
autocorrelated to porosity, can also inﬂuence the settling
velocity of the ﬂocs and therefore associated PAHs
(Droppo ). As ﬂocs increase in size their density
decreases due to an increase in porosity with a resultant
drop in settling velocity. Density can have a signiﬁcant inﬂu-
ence on ﬂoc settling, only if there is a large range in density
with ﬂoc size. Often the range in ﬂoc density over a samplepopulation can be small and close to that of water (Droppo
et al. ).
The majority of models formulated to deﬁne the
relationship between ﬂoc density and ﬂoc size are valid for
limited experimental conditions (Zahid & Ganczarczyk
; Andreadakis ). For example, Andreadakis ()
proposed the following equation for the ﬂoc density (ρs)
for a dried sludge with a density of 1,340 kg/m3:
ρs ¼ 1þ 0:3D0:82 ð1Þ
where D is the ﬂoc diameter.
Zahid & Ganczarczyk () proposed Equation (2) for
a kaolin–polymer aggregate of a perfect sphere:
ρs ¼ 1:05Dð0:0038pHþ0:00716Þ ð2Þ
Gregory () states that buoyant ﬂoc density plotted
against ﬂoc size presents a relationship of the form
ρs ¼ BDC ð3Þ
where B and C are constants and the exponent C is related
to the fractal dimension F (F¼ 3–C). The value of C was
shown experimentally to vary between 1 and 1.4, which cor-
responds to F values between 2 and 1.6, reducing the
uncertainty in the deﬁnition of F. The lower the value of F
the less compact is the ﬂoc.
Other authors have also tried to extend the validity of
these models based on fractal dimensions (Khelifa & Hill
; Son & Hsu ) by varying the fractal dimension
(F) as a function of ﬂoc size. For example, an equation pro-
posed by Khelifa & Hill () (an extension of the
Kranenburg () model) is





where D50 is the median diameter of the mixture and ρp is
the density of the parent material.
They found that F is a function of particle diameter. This
research also shows that F is a function of shear rate.
Hoekstra et al. () have reported that for orthokinetic
aggregation (in Couette ﬂow) at high salt concentration
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1.7 at zero shear rate to about 2.2 at a shear rate of 200 s1.
In order to develop models of pollutant transport in the
Athabasca River, the transport behaviour of ﬂocculated sedi-
ment needs to be deﬁned in relation to the structural
properties that inﬂuence their dynamics within the river.
The objective of this paper is to investigate, using an annular
ﬂume and a numerical model, the density vs. size relation-
ship as it pertains to the deposition process of the ﬁne-
grained sediment. Integration of the ﬂoc deposition process
into models will enable water resource managers to predict
the fate of potentially pollution-laden cohesive sediments.METHODS
Sediment sample collection and preparation
Recently deposited bed sediment samples were collected
from the Muskeg River at the conﬂuence of the Athabasca
River on October 6 and 7, 2009 using an inverted cone sam-
pler (Krishnappan ). The sampler consists of a conical
chamber ﬁtted with a propeller and a submerged pump.
While wading, the sampler was manually lowered to theFigure 2 | Schematic of 5 m annular ﬂume.bed where a propeller generated enough turbulence for the
submersible pump to pump water and resuspended sediment
to 100 L polyethylene containers located in the back of a
pickup truck. In all, 800 L of water and sediment were col-
lected, with the sampler moved multiple times in a small
area. The containers were shipped from Fort McMurray,
Alberta to Environment Canada in Burlington, Ontario, in a
refrigerated truck to support the annular ﬂume experiments.
Deposition experiments
The deposition characteristics of ﬁne sediments from the
Muskeg River were studied in a rotating annular ﬂume at
the National Water Research Institute – Environment
Canada, Burlington, Ontario. The ﬂume consists of a circu-
lar channel, which is 5.0 m in diameter, 0.30 m in width and
0.30 m in depth (Figure 2). This channel rotates in one direc-
tion while a top cover that ﬁts inside the ﬂume and just
touches the water surface rotates in the opposite direction.
This counter-rotation helps to generate a two-dimensional
turbulent shear ﬂow with nearly constant bed-shear stress
across the width of the channel (Petersen & Krishnappan
). A full description of the ﬂume can be found in
Krishnappan ().
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particle size analyser to generate real-time particle size
distributions during ﬂume operation (a distribution was
created every 7 min over the duration of an experimental
run). The instrument operates on the principle of laser diffrac-
tion and is operated in a continuous ﬂow-through mode
generating distributions within the range of 0.2–500 μm in
size.
The sediment–water samples were stored in a cold
room at 4 WC prior to testing at which point the samples
were allowed to equilibrate to room temperature. The
sediment–water mixture of the Muskeg River was placed
in the ﬂume at a concentration of approximately 325 mg/L.
The initial concentration was chosen to represent a realis-
tic concentration for the Athabasca River downstream from
Fort McMurray (mean for Athabasca River is 400 mg/L).
The sediment–water mixture was then thoroughly mixed,
ﬁrst with a mechanical mixer and then by running the
ﬂume at a high shear level of 0.461 Pa. After operating
the ﬂume at this high speed for 20 min, the shear within
the ﬂume was lowered to predetermined levels (0.058,
0.121, 0.165 and 0.265 Pa) to provide a range of bed-
shear stresses for the assessment of particle deposition
dynamics. Suspended sediment (SS) samples were with-
drawn from the ﬂume through a sampling port located at
the mid-depth at 5 min intervals during the ﬁrst hour of
the test and every 10 min thereafter until the completion
of the test. A test was considered complete when the SS
concentration remained nearly constant for about an
hour. This took about 5 h in most tests. A plankton
chamber sample was also collected at the end of each
experiment for gross morphological characterisation
of the ﬂocs remaining in suspension using image analysis
following the techniques described by Droppo et al.
(). Sediment–water samples were analysed for the
concentration of SS by a gravimetric method, which con-
sisted of ﬁltering the sample on Millipore™ 0.45 μm
ﬁlters, and drying for 1 h at 100 WC and weighing the
residue.
Numerical model simulation
The numerical model developed by Krishnappan &
Marsalek () was used to describe the behaviour ofsediment particles, in which their motion is considered in
two stages: (1) a settling stage and (2) a ﬂocculation stage.
These stages were assumed to occur alternately during
each time step of modelling. The settling stage is analysed













where Ck is the volumetric concentration of sediment of the
kth size fraction and wk is the fall velocity of that fraction, ζ
is the turbulent diffusion coefﬁcient, t is the time and z is
the vertical distance from the water surface. Equation (5)
expresses the balance between the settling ﬂux (wkCk) and
the diffusive ﬂux ζ(∂Ck/∂z) in the vertical direction. To solve
this equation, boundary conditions at the water surface and
the bed have to be speciﬁed along with an initial condition
expressing the sediment concentration as a function of the
vertical distance at time t¼ 0.At thewater surface (top bound-
ary), it is assumed that there is no net transfer of sediment
across this boundary and therefore the settling ﬂux is equal
to the diffusive ﬂux. At the bottom boundary, the net
upward ﬂux of sediment is equated to the difference between
the erosion ﬂux and the deposition ﬂux.
The ﬂocculation stage of the settling process was
described by a coagulation equation according to the
model developed by Krishnappan & Marsalek (),
which expresses the number–concentration balance of par-
ticles undergoing coagulation as a result of the collision of
particles of different size classes. The most sensitive par-
ameter for the ﬂocculation model is the ﬂoc density. A
relationship between the density of the ﬂoc and the diameter
is needed. In this work we used the following relationship
for the ﬂoc density (ρs) as proposed by Lau & Krishnappan
():
ρs  ρ ¼ ðρp  ρÞ exp (bDc) ð6Þ
where ρ and ρp are the densities of water and parent material
forming the ﬂoc in kg/m3, D is in microns, and b and c are
empirical coefﬁcients. These coefﬁcients are dependent on
the type of sediment and, as will be discussed later, also
depend on the shear stress applied.
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exp (bD c2k) ð7Þ
where ν is the kinematic viscosity of water, D1k and D2k are
the mean ﬂoc diameter of the kth fraction expressed respect-
ively in m and in microns.
In this paper we extend the application of Equation (6)
to Muskeg River sediments with parameters b and c deﬁned
through the calibration of the model with the experimental
results in order to assist in the determination of sediment
and PAH fate within the Athabasca River system.RESULTS AND DISCUSSION
Experimental interpretation
Flocs remaining in suspension were typically irregular in
shape with high porosity and water content (Figure 3).
While no higher resolution microscopy was performed for
our deposition experiments, subsequent erosion exper-
iments of the same sediment (Garcia-Aragon et al. )
were assessed with confocal scanning laser microscopy
and transmission electron microscopy. This imagingFigure 3 | Representative suspended Muskeg River ﬂocs sampled 5 min after the ﬂume
shear was reduced from 0.461 to 0.165 Pa. Flocs are irregular in shape with
high porosity and water content.illustrated the prevalence of the microbial community and
their production of EPS, forming a structural network of
pores within the ﬂocs with signiﬁcant capacity to retain
water and reduce ﬂoc density.
Figure 4 illustrates the SS concentration in the water
column as a function of time for four different bed-shear
stresses during deposition experiments. For all runs, the SS
concentration initially decreases rapidly followed by an SS
concentration that approaches a steady state (equilibrium).
For example, for the lowest bed-shear stress tested
(0.058 Pa), the SS concentration after 6 h of settling was
approximately 30 mg L1 (8% of the initial concentration)
and still declining, whereas for the highest shear stress
(0.265 Pa), the steady state SS concentration was approxi-
mately 160 mg L1 (53% of the initial concentration). For a
bed-shear stress of 0.058 Pa, the majority of SS is likely to be
deposited given its continued settling. As such, the critical
shear stress for sediment deposition of Muskeg River sedi-
ments is slightly higher than 0.058 Pa and lower than 0.121 Pa.
The deposition tests also offer a quantitative measure of
the amount of sediment that is likely to be transported
through the river for given ﬂow conditions. For example, if
the ﬂow conditions in the river are such that the bed-shear
stress is less than the critical shear stress for deposition, all
of the SS and associated PAHs entering the river would be
deposited within the Muskeg River and not be delivered to
the Athabasca River. On the other hand, if the bed-shear
stress is around 0.265 Pa, then about 50% of the suspendedFigure 4 | Change in SS concentration with time for four different shear levels.
Figure 5 | Change in median ﬂoc size (D50) with time for four different shear levels.
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into the Athabasca River. Knowing the ﬂow velocity ﬁeld
and the spatial and temporal variation of the bed-shear
stress, the results from the deposition tests can be used to
make quantitative estimates of sediment deposition and
transport in river systems.
Sediment dynamics within the Muskeg River can also
be inferred when assessing changes in SS particle size.Figure 6 | Change in grain size distributions from initial distribution (prior to change in shear) an
numerical predictions of grain size are also presented.Figure 5 demonstrates some interesting ﬂoc-size-carrying
capacity differences, likely inﬂuenced by ﬂocculation and
ﬂoc breakage with changes in time and shear levels. In all
cases, with the exception of the highest shear (0.265 Pa),
the D50 values dropped initially followed by an equilibrium
particle size supported by the ﬂow condition. The extent
and rate of ﬂoc size reduction in suspension, during the
ﬁrst 2 h, was greatest for the two lowest shears (0.058 and
0.121 Pa), which is indicative of larger ﬂocs settling out of
suspension. This is particularly the case for the lowest
shear as seen in Figure 6(a) where there is a substantial
shift in the grain size distribution to smaller sizes. At this
low shear level, it is very likely that active ﬂocculation is
continuing throughout the experimental run, resulting in
the slow removal of particles. This is evident by the very
gradual decline in the slope to a D50 value to approximately
5 μm and the continued reduction in SS concentration
(Figure 4). The next higher shear stress (0.121 Pa) resulted
in the largest particle size (D50) being kept in suspension
after an initial drop of 15 μm one hour into the run. This
indicates that, at this turbulence level, ﬂocs are kept ind at the end of each shear level. (a) 0.058 Pa, (b) 0.121 Pa, (c) 0.165 Pa and (d) 0.265 Pa. The







concentration (mg/L) b c
0.058 30 35 0.02 1.35
0.121 90 91 0.02 1.45
0.165 130 142 0.03 1.45
0.265 160 160 0.03 1.55
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ﬂocs. Figure 6(b) shows that, while there is loss of sediment
due to deposition, there is still a representative amount of
sediment in each of the original size classes. This is also
substantiated by the SS concentration remaining relatively
consistent after the initial settling out of sediment (Figure 4).
For a shear level of 0.165 Pa, there is a further drop in D50
(although variation was high for this run due to clogging of
the CILAS™ 930 cell). Nevertheless an equilibrium particle
size was attained quickly. Although the SS concentration
remaining in suspension increased at this shear level
(Figure 4), the reduction in particle size in suspension at
equilibrium (Figure 6(c)) suggests that there has been
some ﬂoc breakage occurring. At a shear of 0.265 Pa, the
ﬂoc size continued to decrease without reaching an equili-
brium, suggesting that there is further ﬂoc breakage at this
shear (although the length of record for this shear is
lower – 160 min). Figure 6(d) shows this apparent ﬂoc
breakage by the increase in the volume of particles at the
smaller size classes for the higher shears. Theory would
suggest that an equilibrium condition would eventually pre-
vail for both size and concentration for this shear level. An
anomaly in this dataset is that the SS concentration did
continue to drop over the duration of this shear level.
This may be an artefact of some edge effects and is not
believed to be due to ﬂocculation at this high shear.
Modeling interpretation
Figure 7 and Table 1 summarises the numerical simulation
in relation to the measured experimental results andFigure 7 | Comparison between simulation and experimental results after 90 min of
settling for four different shear levels.demonstrate reasonable ﬁts between the two (poorest ﬁt
for the shear stress of 0.165 Pa). Figure 7 and the numerical
modelling are not shown for the ﬁrst hour of the simulations
due to the initial sharp drop in SS, making differentiation
difﬁcult between runs. The modelling results were used to
assess the change in concentration and particle size during
periods when the system was at or near equilibrium. In
order to achieve the reasonable prediction of the ﬁnal equi-
librium concentration in Figure 7, the coefﬁcients of b and c
had to be adjusted. This is contrary to previous ﬂocculation
models which have consistent coefﬁcients regardless of
shear level (Krishnappan & Marsalek ). It is hypoth-
esised, and discussed further below, that the values of both
b and c are controlled by the shear level inﬂuencing ﬂoc
structure (size, density, porosity) and therefore ﬂoc hydro-
dynamic behaviour (i.e. settling, collision frequency).
As density is highly correlated to many ﬂoc structural
properties such as size (density decreases when ﬂoc size
increases) and porosity (density decreases when porosity
increases), and can inﬂuence hydrodynamic behaviour
such as settling (Droppo ; Gerbersdof et al. ; Son
& Hsu ), Equation (6) was applied for a range of ﬂoc
sizes and for each shear stress level with associated b and
c coefﬁcients listed in Table 1 (Figure 8). The general
trends presented in Figure 8 (i.e. density decreases and
approaches that of water with increasing ﬂoc size), regard-
less of shear level, are consistent with trends observed by
others (Khelifa & Hill ) and are related to the increase
in void space as ﬂocs grow, resulting in a higher bound
water content and thus a lower density. Although there are
differences in the predicted densities with shear (Figure 8),
all of the plots converge to have similar density at ﬂoc
sizes above 50 μm (close to 1.0 gm cm3). This would
suggest that, for the modelled shear values assessed, settling
Figure 8 | Results of applying Equation (5) based on particle size and the coefﬁcients of b
and c as deﬁned in Table 1 for each shear level.
Figure 9 | Relationship between F and ﬂoc size for different shear rates.
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inﬂuenced by density as they are essentially equal to that
of water. It follows then that, although shear-dependent,
ﬂoc size is the dominant factor controlling ﬂoc settling
when ﬂocs grow to be large (Droppo ). In a separate
analysis Garcia-Aragon et al. (), found that Muskeg
River ﬂocs settled in quiescent conditions (ranging in size
from 100–450 μm in diameter) had densities ranging from
1,000–1,300 kg/m3. It should be realised that ﬂoc size is
highly inﬂuenced by shear and, if higher shear values were
applied than used in these experiments and models, it
would be expected that the density would increase as ﬂocs
are broken up into smaller particles/ﬂocs.
While the model predicts that shear is independent of
ﬂoc density (assuming no ﬂoc breakage) for particles greater
than 50 μm, it does predict that there is some effect of shear
on ﬂoc density for ﬂocs less than 50 μm. Using the 20 μm
size as an example, density decreases with increasing
shear from 0.058 to 0.165 Pa (a drop of approximately
500 kg/m3) but increases when the shear is further increased
to 0.265 Pa. This numerical relationship seems to be borne
out for the lower shear values (0.058–0.121 Pa) where the
concentration and particle size data provided above suggest
that ﬂocculation is occurring. That is, ﬂocculation is
believed to be actively occurring at 0.121 Pa whereas at
0.058 Pa there is rapid deposition with a loss of sediment
from suspension (in fact, at the end of the 0.058 Pa run
there are only particles below 17 μm remaining in suspen-
sion; at the end of the 0.121 Pa run there are particles as
large as 85 μm still in suspension). As such, a 20 μm particle
remaining in suspension following a reduction in shear from0.461 to 0.058 Pa will be structurally more compact with
lower porosity and higher density than the 20 μm ﬂoc
formed by ﬂocculation at 0.121 Pa (Figure 8).
This trend is shown in the numerical simulation by the
decrease in F (a measure of ﬂoc compaction). Lower
values of F indicate less compact ﬂocs. The F in the exper-
iments can be calculated with Equation (8) deduced from
a comparison between the Khelifa & Hill () model
(Equation (4)) and Equation (6) used in this research. The
following relationship between F and the parameters b and
c is obtained:




Using the experimental values of b and c and the aver-
age particle size in each experiment (each shear rate),
Figure 9 is obtained. This ﬁgure clearly shows a decrease
in fractal dimension F as D increases for different shear
rates. Thus the experimental decrease in F in this research
with particle size indicates that ﬂocs are less compact as
diameter increases for all shear stresses. This decrease in
ﬂoc compaction as D increases helps explain the settling be-
haviour of ﬂocs for the different shear stresses shown in
Figure 10.
The model used for the settling velocity in this paper
(Equation (7)) shows the effect of shear stress on settling vel-
ocity and that for particles larger than 50 μm settling
velocity is almost zero for high shears (Figure 10). This
fact helps explain the steady state concentration shown in
Figure 4. Otherwise, if settling velocity continues to grow
with size this equilibrium concentration would have never
Figure 10 | Variation of settling velocity with shear stress according to numerical
simulation.
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size to settling velocity show a continuous increase in
settling velocity with increase in ﬂoc size (Khelifa & Hill
). These models do not take into account the effect of
hydrodynamics on settling velocity and of shear stress on
the density of ﬂocs. Further research is needed to extend
the application of Equation (6) for higher ﬂoc sizes and
shear stresses.CONCLUSIONS
Depositional experiments within a rotating annular ﬂume
using cohesive sediments from the Muskeg River, a tributary
of the Athabasca River, Alberta, Canada, suggest that ﬂuid
shear may inﬂuence the structural characteristics of the
ﬂocs which, in turn, may inﬂuence sediment and associated
contaminant deposition dynamics within the system. Visual
observations of ﬂocs during deposition at all shears showed
ﬂoc structures with an open matrix and high water content.
Measured ﬂoc density over an array of representative ﬂoc
sizes, however, showed a low range in density from 1,001–
1,300 kg m3. Therefore, a small change in ﬂoc density
will not inﬂuence settling to a great extent. However, it is
clear that the low density (close to that of water) will
result in the particles remaining in suspension, as predicted
by the model and laboratory results, particularly those
greater than 50 μm at higher shears. Differences in ﬂocdensity with shear were found for smaller particles
(<50 μm) which were shown (decrease in F with increase
in D) to be due to differences in ﬂoc structure resulting
from different shear forces. This conclusion was supported
by the need to change the coefﬁcients (b and c) within the
density prediction equation for adequate identiﬁcation of
suspended solids concentrations remaining in suspension
at equilibrium. It is concluded that, while shear dictates
the proportion of sediments remaining in suspension vs.
that deposited, it can also inﬂuence ﬂoc strength and struc-
ture (with some density effects), but that these changes have
a larger impact on small ﬂoc settling behaviour. This work
will assist in the prediction of the fate of pollutants (includ-
ing PAHs) in the Athabasca River watershed, with values of
b and c in Equation (6) being deﬁned according to the
particle size distribution and mean shear stress. The exper-
imental results show that, if the Muskeg River bed-shear
stress is around 0.265 Pa, then about 50% of the suspended
material and any associated PAHs would be transported
into the Athabasca River. Therefore results from the depo-
sition tests can be used to make quantitative estimates of
sediment deposition and transport in the river system.ACKNOWLEDGEMENT
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